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A carbon nanotube/perovskite composite material was developed as material for air electrodes in fuel cells or
zinc-air batteries. For this purpose, carbon nanotubes were directly grown on the perovskite La0.6Sr0.4CoO3
impregnated with Fe solution which acted as substrate. The synthesis was carried out in a ﬂuidised bed reactor.
The carbon sourcewas acetylene. The inﬂuence of the temperature on the growthof carbonnanotubes and on the
stability of the perovskite was investigated. All samples contained multi-wall carbon nanotubes; however, at a
temperature above 675 °C the perovskitewas reduced by hydrogen originating from acetylene. The sampleswith
the intact perovskite were further processed to air electrodes to catalyze the oxygen reduction reaction. These
electrodes showed an improved performance compared to electrodes made of acetylene black and perovskites.
1. Introduction
In the past carbon nanotubes (CNTs) were considered for electro-
chemical applications like actuators [1], supercapacitors [2,3] or as
support material in gas diffusion electrodes [4–7]. In gas diffusion
electrodes for fuel cells or zinc-air batteries, the oxygen reduction
reaction takes place at the three phase boundary (catalyst, gas, and
electrolyte). For high reaction rates it is important that the catalyst is
effectively dispersed on the support material in order to formmany of
such three phase boundary sites. Furthermore, it is essential that the
support material has certain porosity. That way the gas can diffuse fast
enough to the catalyst sites to maintain the reaction [8].
The electrodematerial in fuel cells commonly used today is platinum
on carbon. In several works [4–7], carbon black was replaced by carbon
nanotubes and it was shown that the Pt particles are much more
homogeneously dispersed on carbon nanotubes than on carbon black,
which leads to the better performance of these electrodes. Furthermore,
it was demonstrated that defect sites on carbon nanotubes are essential
for their catalytic activity [9–11]. Britto et al. [9] showed with ab initio
density-functional-theory calculations andmolecular dynamics simula-
tions that the oxygen reduction reaction takes placewith a larger charge
transfer at defect sites (pentagons and heptagons) compared to the
hexagonal sites. The defect sites act as electrophilic reaction sites due to
their higher density of states. Maldonado and Stevenson [10] referred to
the importance of nitrogen doping of the CNTs to increase their catalytic
activity. It was stated that the substitution of N atoms into the graphene
structure leads to the formation of pentagonal defects and is most likely
responsible for the compartmentalized-like morphology. Esplandiu et
al. [11] found as well that bamboo-like CNTs are most suitable for
electrochemical applications in sensors.
Platinum as catalyst has some drawbacks: it causes a high activation
polarisation at lowovervoltages leading to an efﬁciency loss, it gets easily
poisoned and due to its limited reserves it is extremely expensive [8]. A
promising substitutemightbeperovskites. Already in 1970,Meadowcroft
[12] suggested the use of LaCoO3 as catalystmaterial in zinc-air batteries.
Many works on perovskites followed, either without [13–16] or with
carbon blacks as support material [17–20]. But only few works [21] exist
with perovskites and carbon nanotubes.Weidenkaff et al. [21] used La1−x
(Ca, Sr)xCoO3 to grow CNTs. It was reported that although the perovskite
structure was partially destroyed during the CNT synthesis, the catalytic
activity of the produced CNT/metal oxide composite was comparable
with a graphite/perovskite composite electrode. The catalytic activity for
CNTs grown on an intact perovskite is expected to be much higher as
compared to the CNT/metal oxide composite.
In this paper we demonstrate that multi-wall carbon nanotubes
(MWCNTs) can be grown on perovskites without major damage of the
oxide, leading to a CNT/perovskite composite applicable in air electrodes
for the oxygen reduction reaction. The perovskite La0.6Sr0.4CoO3 was
used as substrate powder impregnated with a Fe solution as catalyst for
the CNT synthesis in a ﬂuidised bed chemical vapour deposition (CVD)
system. The inﬂuence of the synthesis temperature and the Fe
concentration on the structure and morphology of the produced
material was investigated by X-ray diffraction (XRD) and transmission
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electron microscopy (TEM). Furthermore, electrodes were produced on
the basis of the carbon nanotube/La0.6Sr0.4CoO3 composite material and
characterised by steady-state current-potential curves.
2. Experimental
2.1. Synthesis of the carbon nanotube/La0.6Sr0.4CoO composite
and characterisation
Carbon nanotubes were synthesised in a ﬂuidised bed reactor [22].
The apparatus consists of a vertical furnace with a quartz glass tube,
40 cm in length and 3 cm in diameter. In the middle of the tube a
quartz ﬁlter (pore size: 20–40 μm) is mounted. The substrate powder
is ﬁlled in the tube on the quartz ﬁlter and ﬂuidised by the gas ﬂow.
The substrate powder La0.6Sr0.4CoO3 (supplied from Empa, Labora-
tory for High Performance Ceramics, Überlandstrasse 129, CH-8600
Dübendorf) impregnated with a Fe nitrate solution was prepared by
the following procedure: A 30 mmol (type 30) respectively 15 mmol
(type 15) Fe nitrate solution was added to 1 g of perovskite, sonicated
for 20min and dried in air. The ﬂaky product wasmilled by hand. After
placing the catalyst onto the quartz ﬁlter, the atmosphere in the tube
was purged with an Ar ﬂow of 410 scm3/min (standard cm3/min) for
5 min. The furnace was then heated to the desired temperature. Syn-
thesis runs between 600 and 800 °C were carried out. The synthesis
was started by the introduction of 42 scm3/min acetylene mixed with
368 scm3/min argon for 20min. 0.3 g of the “as-produced” productwas
immersed in 30 ml 30% HCl at 50 °C for 16 h in order to remove all by-
products. The nanotube suspension was ﬁltered and the nanotubes
were washed with distilled water until pH neutrality was reached and
dried in air. To isolate the inﬂuence of Fe, one experimentwith the pure
perovskite (without any Fe) was carried out at 750 °C.
The crystal chemical evolution of the perovskite was investigated
by X-ray diffraction (Kristalloﬂex D500, Siemens) and the morphology
of the CNTswas analysed by transmission electronmicroscopy (Philips
CM 200). The diffraction pattern of graphite was simulated by using
the program Powder Cell [23]. Speciﬁc surface areas were determined
by the BET method (Belsorp-Max, Bel Japan).
2.2. Synthesis of the electrodes and characterisation
Electrodes were produced from the unpuriﬁed samples, synthe-
sised below 700 °C. CNTs/La0.6Sr0.4CoO3 composite material, PTFE
dispersion and distilled water were mixed ultrasonically for 1 h. The
mixturewas dried for 18 h at 60 °C under air and then heated to 350 °C
for 2 h to ﬁx the PTFE onto the carbon surface. 0.04 g of the resulting
powder was mixed with 0.16 g petroleum (Petroleum special, bp 180–
220 °C, Fluka) to make a paste, which was spread onto a round piece
(24 mm in diameter) of teﬂonized Toray Carbon Paper TP-090T
(QuinTech), serving as gas diffusion layer. The two layers, catalytic
active layer and gas diffusion layer, were pressed together and heated
to 320 °C for 1 h. And the electrode is ﬁnished.
For comparison one electrode was manufactured with acetylene
black (Alfa Aesar) instead of CNTs and another electrode consisted
only of CNTs. The detailed composition of these electrodes is listed in
Table 1.
The electrochemical measurements were conducted with a ZAHNER
IM6eXelectrochemicalwork station. A three electrodearrangementwas
chosen: The electrode foil under investigation was pressed against the
contact plate in the holder and served as working electrode. The geo-
metrical active area of the electrodewas 0.785 cm2. The back side (Toray
Carbon Paper) was purged with air and the catalytic active side was in
contact with the electrolyte. The reference electrode was a Hg/HgO
electrode (Radiometer Analytical) in a Haber-Luggin capillary and the
counter electrode was a Pt disk (Radiometer Analytical). All measure-
ments were carried out in 6 M KOH (Aldrich) at room temperature.
Steady-state current-potential curves were measured from −0.4 V to
0.8 V vs. Hg/HgO.
3. Results
3.1. Inﬂuence of the temperature and Fe concentration on the stability of
the perovskite
In the X-ray spectra of the “as-produced” samples, synthesised at
temperatures of 600 °C (Fig. 1b) to 675 °C, perovskite peaks pre-
dominate; while they almost disappear in the “as-produced” samples,
which were synthesised at temperatures of 700 °C to 800 °C (Fig. 1a).
From that we conclude that the perovskite decomposes between
675 °C and 700 °C under reducing conditions. The perovskite peaks of
the “as-produced” samples, synthesised below this temperature of
700 °C (further referred to as decomposition temperature of the pe-
rovskite), are slightly shifted by about 0.1 to 0.2° to smaller angles
compared to the untreated perovskite (Fig. 1c). The perovskite peaks
are not present in the puriﬁed samples (Fig. 2a and b), which indicate
that the perovskite was completely dissolved during the HCl treat-
ment. This also signiﬁes that the perovskite is not incorporated into
CNTs. The main products in the puriﬁed samples, synthesised below
the decomposition temperature of the perovskite, are CNTs and Fe.
Table 1
Composition of different electrodes
Electrode Composition
1 80 wt.% CNTs/La0.6Sr0.4CoO3 20 wt.% PTFE
2 40 wt.% ABa 40 wt.% La0.6Sr0.4CoO3 20 wt.% PTFE
3 80 wt.% CNTs – 20 wt.% PTFE
a Acetylene black.
Fig. 1. XRD spectra of the “as-produced” material, produced with type 30 catalyst at
a) 800 °C and b) 600 °C, c) XRD spectrum of the perovskite La0.6Sr0.4CoO3.
Fig. 2. XRD spectra of puriﬁed CNTs, produced with type 30 catalyst at a) 800 °C and
b) 600 °C, c) simulated XRD spectrum of graphite.
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Above the decomposition temperature, the perovskite decomposes
into Co, La2O3 and other unidentiﬁed products (Fig. 1a). The pattern
contains also a strong CNT peak at 26.2° and Fe and/or Fe3C peaks. In
the puriﬁed sample synthesised at 800 °C (Fig. 2a) La2O3 and Co peaks
are still visible indicating that not all of the perovskite break-down
products were dissolved during the puriﬁcation step.
With type 30 as well as with type 15 catalyst, the perovskite de-
composes at the same temperature.No inﬂuence of the Fe concentration
on the stability of the perovskite is observed. The main difference
between the samples producedwith type 15 and type 30 catalyst is that
the intensity ratio of Co to Fe peaks changes.
In the “as-produced” sample, which was synthesised with the pure
perovskite at 750 °C, the peaks of the decomposition products of the
perovskite are similar to those of the samples synthesised with the
perovskite impregnatedwithFe. Themaindifference is that in the sample
without Fe, the CNT peaks have only little intensity. The addition of Fe in
our CNT synthesis process is thus necessary to gain a high yield of CNTs.
3.2. Inﬂuence of the temperature and Fe concentration on the CNT growth
The morphology of the multi-wall carbon nanotubes (MWCNTs)
was investigated by transmission electron microscopy. Diameter and
morphology of the tubes change with temperature. For the 600 °C
sample the diameter ranges between 5 and 30 nm (Fig. 3a) for type 15
and type 30 catalyst, while for the 800 °C sample the diameter ranges
between 16 and 116 nm (Fig. 3b) for type 30 catalyst and between 12
and 75 nm for type 15 catalyst. The decrease of the full width of half
maximum (FWHM) of the CNT peak at 26.2° in the XRD spectra with
increasing synthesis temperature conﬁrms the microscopic observa-
tions. The FWHM is inversely correlated with the CNT diameter; the
smaller the FWHM is, the larger the CNT diameter becomes. In the low
temperature samples the majority of MWCNTs are several μm long,
almost no ﬁbers were found. The high temperature samples contain
MWCNTs, bamboo-like CNTs and ﬁbers with diameters up to 150 nm
and up to 110 nm for type 30 catalyst and for type 15 catalyst, res-
pectively. There are short CNTs with a big diameter and ﬁbers of less
than 1 μm up to 3 μm long, as well as very long, thin CNTs up to 20 μm.
Here, the term CNT refers to a carbon ﬁlament with tubular graphene
walls parallel to the axis, whereas the term ﬁber is used for a carbon
ﬁlament with graphene layers at other angles. The graphitization level
is higher in the high temperature samples than in the low temperature
samples. Small round and larger elongated particles with a length of
up to 40 nm are incorporated in the CNTs and ﬁbers. The number of
such inclusions increases with increasing temperature. Some of the
individual segments of the bamboo-like CNTs carry a particle. The
number of open ended CNTs decreases with increasing temperature.
Samples produced with type 15 catalyst have a more uniform tube
morphology; the deviation from the average diameter is much smaller
than with type 30 catalyst.
The CNT diameter of the sample synthesised with the pure perov-
skite ranges between 10 and 40 nm. Bamboo-like CNTs, ﬁbers and
onion structures with diameters of up to 160 nm are also present.
3.3. Further characterisation of the carbon nanotube/La0.6Sr0.4CoO3
composite
The unpuriﬁed samples synthesised below 700 °C are interesting
for further electrochemical characterisations. Fig. 4 shows the steady-
state current-potential curves of the electrodes listed in Table 1. In the
region of low overvoltages, the electrodes containing perovskites
show a signiﬁcant lower activation polarisation than the electrode
only made of carbon nanotubes. This indicates that the perovskite has
a catalytic activity for the oxygen reduction reaction. In the region of
high overvoltages, the electrodes containing carbon nanotubes show a
remarkable lower concentration polarisation than the electrode
Fig. 3. TEM images of CNTs, produced with type 30 catalyst at a) 800 °C and b) 600 °C.
Fig. 4. Steady-state current-potential curves of the electrodes, summarized in Table 1.
ht
tp
://
do
c.
re
ro
.c
h
3
containing acetylene black instead of carbon nanotubes. This proves
that the carbon nanotubes lead to an improved electrode morphology.
In total, the electrode made of the carbon nanotube/La0.6Sr0.4CoO3
composite shows the best performance.
In different works it was shown that the speciﬁc surface area of the
perovskite [19] aswell as of the supportmaterial [20] plays a crucial role
for a catalytic active electrode. Therefore, speciﬁc surface areas were
determined. The pure perovskite had a BET surface area of 9.9m2/g. The
unpuriﬁed carbon nanotube/perovskite composites synthesised
between 600 and 675 °C with type 15 catalyst had a BET surface bet-
ween 60 and 40m2/g, while those producedwith type 30 catalyst had a
BETsurfacebetween80and 60m2/g. Acetyleneblack used in electrode2
and the carbon nanotubes used in electrode 3 had speciﬁc surface areas
of 60 and 440 m2/g, respectively.
4. Discussion
4.1. Inﬂuence of the temperature and Fe concentration on the stability of
the perovskite
La–Co based perovskites are not stable under reducing conditions.
In M2+-substituted perovskites, such as La1− x(Ca, Sr)xCoO3 the octa-
hedrally coordinated Co cations are partially oxidized from the tri-
valent state to the quadrivalent state. Under reducing conditions, the
quadrivalent Co4+ is reduced back under release of oxygen. The loss of
oxygen leads to an increase of the unit cell volume, which is res-
ponsible for the observed X-ray peak shifts found in the treated
samples [24].
Impregnation of the perovskite may protect the perovskite from
reduction and ﬁnal break-down as shown by Weidenkaff et al. [21]
who impregnated La1 − x(Ca, Sr)xCoO3 with Co solution and grew CNTs
on the surface of the intact perovskite at elevated temperatures at
which the non-impregnated perovskite was decomposed. The im-
pregnation leads to a smaller surface-to-bulk ratio, which prevents the
perovskite from decomposing. In our case the perovskite is not com-
pletely covered by the Fe. Therefore, the perovskite still decomposes at
temperatures above 675 °C. However, in the temperature range from
600 to 675 °C carbon nanotubes are successfully grown on the surface
of the intact perovskite. This perovskite is still catalytically active
because not the whole surface is covered with Fe and CNTs.
At 750 °C, CNTs were grown on the pure perovskite as catalyst
precursor. At this temperature the perovskite was destroyed and Co
acted as a catalyst particle or nucleation centre. This is in good agree-
ment with the ﬁndings of Weidenkaff et al. [21].
4.2. Inﬂuence of the temperature and Fe concentration on the CNT
growth
We found that the diameter of the carbon nanotubes increases with
increasing process temperature which is in good agreement with
literature [25,26]. The diameter of the carbon nanotubes depends
mainly on the size of the catalyst particle. With increasing synthesis
temperature small catalyst particles on the perovskite coalescence, and
form larger particles, leading to CNTs with larger diameters. Also, the
higher carbon supply at high temperature contributes to the growth of
CNTswith large diameters. Due to higher dissolution and diffusion rates
of carbon in the catalyst particle at high temperatures, it is more likely
that bulk diffusion takes place. This implies that carbon precipitates on
the back of the catalyst particle and forms a graphitic shell which is then
lifted. If this happens regularly, a bamboo-like CNT is formed. Kim et al.
[27] synthesised CNTs on silicon oxide substrates by pyrolyzing metal
phthalocyanine in the temperature range 700–1000 °C. He found aswell
bamboo-likeCNTswith a largerdiameterat thehigher temperaturewith
frequently encapsulated nanoparticles. According to the theory of Kim
et al. [27], sometimes the strain between graphitic shell and catalyst
particle is so high that the catalyst particle can be split and is lifted off
with the graphitic shell to explain why the compartment layers of the
bamboo-like CNTs carry catalyst particles. The occurrence of bamboo-
like CNTs ismore likely on larger catalyst particles, because the graphitic
shell needs to be less bended which results in a lower energy demand
compared to high curvature on small catalyst particles [28]. For this
reason, we observe many thin CNTs with open ends in the low tem-
perature samples, in which the catalyst particles are small.
Li et al. [29] investigated the structure of the CNTs in dependence
from synthesis temperature and gas pressure. At low gas pressures
(0.6 Torr), hollow CNTs were synthesised at low temperatures and
bamboo-like CNTs at high temperatures, while at high gas pressures
(760 Torr) bamboo-like CNTs were synthesised irrespectively from the
temperature. This is in contradiction with our ﬁndings because in our
high pressure system bamboo-like CNTs were synthesised only at high
temperatures.
4.3. Electrochemical characterisation
The goal of this work was to produce carbon nanotubes on an
intact perovskite. We succeeded, when the growth temperature was
below 700 °C. In literature [9–11] it is described that carbon nanotubes
with many defect sites and especially bamboo-like CNTs have an
increased catalytic activity. But bamboo-like CNTs were mainly pro-
duced at higher temperatures at which the perovskite is destroyed.
However, the material with the intact perovskite was further pro-
cessed to electrodes. These electrodes showed a better performance
than electrodes composed of the perovskite and acetylene black, be-
cause of the better distribution of the perovskite on the carbon
nanotubes. This result is in agreement with several works [4–7] where
platinum and carbon nanotubes were combined and compared with
platinum on carbon.
Arai et al. [20] showed that the carbon support with the higher
speciﬁc surface area leads to the better performance of the electrode
because of the larger reaction area. The CNT/La0.6Sr0.4CoO3 composite
had about the same speciﬁc surface area as acetylene black (60 m2/g),
but showed a signiﬁcant better performance. This is attributed to the
better dispersion of the perovskite on the carbon nanotubes and due
to the higher porosity of the carbon nanotubes. Acetylene black
consists of spherical particles, which form larger dense aggregates. In
contrast, the CNTs create a conductive network connecting the
perovskite particles effectively.
5. Conclusions
Multi-wall carbon nanotubes (MWCNTs) are successfully grown on
the intact perovskite La0.6Sr0.4CoO3 by ﬂuidised bed CVD, as long as
the synthesis temperature is below 700 °C. At synthesis temperatures
of 700 °C and higher the perovskite is reduced by the hydrogen
originating from the acetylene and especially, bamboo-like CNTs are
obtained. Electrodes prepared from the intact perovskite/carbon
nanotube composite catalyze the oxygen reduction reaction signiﬁ-
cantly better than electrodes made of La0.6Sr0.4CoO3 and acetylene
black due to a superior electrode morphology.
Future work will be to improve the composite material further by a
gentle puriﬁcation process which leaves the perovskite intact and
removes the by-products of the carbon nanotubes synthesis which do
not contribute to a catalytic active electrode. Another approach will be
to modify the synthesis process that way that bamboo-like CNTs on
the intact perovskite are obtained because the bamboo-like CNTs are
more catalytic active themselves.
References
[1] R.H. Baughman, C. Cui, A.A. Zakhidov, Z. Iqbal, J.N. Barisci, G.M. Spinks, G.G.
Wallace, A. Mazzoldi, D. De Rossi, A.G. Rinzler, O. Jaschinski, S. Roth, M. Kertesz,
Science 284 (1999) 1340.
[2] C. Niu, E.K. Sicher, R. Hoch, D. Moy, H. Tennent, Appl. Phys. Lett. 70 (1997) 1480.
ht
tp
://
do
c.
re
ro
.c
h
4
[3] K.H. An, W.S. Kim, Y.S. Park, J. Moon, D.J. Bae, S.C. Lim, Y.S. Lee, Y.H. Lee, Adv. Funct.
Mater. 11 (2001) 387.
[4] Y. Li, Y. Ding, J. Chen, Z. Mao, C. Xu, D. Wu, J. Univ. Sci. Technol. Beijing 11 (2004)
349.
[5] F. Yuan, H. Ryu, Nanotechnology 15 (2004) S596.
[6] D. Guo, H. Li, J. Electroanal. Chem. 573 (2004) 197.
[7] W. Li, C. Liang, W. Zhou, J. Qiu, Z. Zhou, G. Sun, Q. Xin, J. Phys. Chem., B 107 (2003)
6292.
[8] B. Viswanathan, Ch. Venkateswara Rao, U.V. Varadaraju, Photo/Electrochemistry &
Photobiology in the Environment, Energy and Fuel, Research Signpost, 2006, p. 43.
[9] P.J. Britto, K.S.V. Santhanam, A. Rubio, J.A. Alonso, P.M. Ajayan, Adv. Mater.11 (1999)
154.
[10] S. Maldonado, K.J. Stevenson, J. Phys. Chem., B 109 (2005) 4707.
[11] M.J. Esplandiu, M. Pacios, E. Bellido, M. del Valle, Z. Phys. Chem. 211 (2007) 1161.
[12] D.B. Meadowcroft, Nature 226 (1970) 847.
[13] Y. Matsumoto, H. Yoneyama, H. Tamura, J. Electroanal. Chem. 83 (1977) 237.
[14] T. Kudo, H. Obayashi, M. Yoshida, J. Electrochem. Soc. 124 (1977) 321.
[15] F.R. van Buren, G.H.J. Broers, C. Boesveld, A.J. Bouman, J. Electroanal. Chem. 87
(1978) 381.
[16] G. Bronoel, J.C. Grenier, J. Reby, Electrochim. Acta 25 (1980) 1015.
[17] G. Karlsson, Electrochim. Acta 30 (1985) 1555.
[18] R. Manoharan, A.K. Shukla, Electrochim. Acta 30 (1985) 205.
[19] Y. Shimizu, K. Uemura, H. Matsudo, N. Miura, N. Yamazoe, J. Electrochem. Soc. 137
(1990) 3430.
[20] H. Arai, S. Müller, O. Haas, J. Electrochem. Soc. 147 (2000) 3584.
[21] A. Weidenkaff, E. Ebbinghaus, T. Lippert, Chem. Mater. 14 (2002) 1797.
[22] P. Mauron, C. Emmenegger, P. Sudan, P. Wenger, S. Rentsch, A. Züttel, Diamond
Relat. Mater. 12 (2003) 780.
[23] W. Krause, G. Nolze, J. Appl. Crystallogr. 29 (1996) 301.
[24] A. Weidenkaff, Adv. Eng. Mater 6 (2004) 709.
[25] H.J. Dai, A.G. Rinzler, P. Nikoaev, A. Thess, D.T. Colben, R.E. Smalley, Chem. Phys.
Lett. 260 (1996) 471.
[26] S.B. Sinnott, R. Andrews, D. Qian, A.M. Rao, Z. Mao, E.C. Dickey, F. Derbyshire, Chem.
Phys. Lett. 315 (1999) 25.
[27] N. Kim, Y. Lee, J. Park, J. Han, Y. Choi, S. Choi, J. Choo, G. Lee, J. Phys. Chem., B 107
(2003) 9249.
[28] M. Lin, J. Tan, C. Boothroyd, K. Loh, E. Tok, Y. Foo, Nano Lett. 6 (2006) 449.
[29] W.Z. Li, J.G. Wen, Z.F. Ren, Appl. Phys., A 74 (2002) 397.
ht
tp
://
do
c.
re
ro
.c
h
5
